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ical	 compared	 to	 temperate	 birds.	 We	 measured	 mean	 telomere	 length	 of	 male	
stonechats	 (Saxicola spp.)	 at	 four	 age	 classes	 from	 tropical	African	 and	 temperate	
European	breeding	regions.	Tropical	and	temperate	stonechats	had	similarly	long	tel‐
omeres	as	nestlings.	However,	while	in	tropical	stonechats	pre‐breeding	first‐years	
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produce	 fewer,	 but	 higher	 quality	 offspring	 (Jetz,	 Sekercioglu,	 &	
Böhning‐Gaese,	 2008;	Martin,	 2015),	 have	 lower	 basal	 metabolic	
rates	 (Tieleman	 et	 al.,	 2009;	 Wiersma,	 Muñoz‐Garcia,	 Walker,	 &	
















Both	 longitudinal	 and	 cross‐sectional	 studies	 in	 birds	 show	
that,	 in	 general,	 older	 individuals	 have	 shorter	 telomeres	 than	
younger	 ones	 with	 the	 greatest	 loss	 in	 telomeres	 occurring	 early	
in	 life	 (Heidinger	et	al.,	2012;	Pauliny,	Larsson,	&	Blomqvist,	2012;	
Salomons	 et	 al.,	 2009;	 Spurgin	 et	 al.,	 2018;	 Tricola	 et	 al.,	 2018).	
Furthermore,	 an	 increasing	 number	 of	 studies	 in	 birds	 show	 that	
individuals	 with	 longer	 telomeres	 or	 little	 telomere	 attrition	 have	
better	 survival	prospects	 than	 individuals	with	 short	 telomeres	or	
high	levels	of	telomere	attrition	(reviewed	in	Wilbourn	et	al.,	2018).	
This	has	been	especially	well	 studied	 in	zebra	 finches	 (Taeniopygia 
guttata),	for	which	it	has	been	shown	that	long	telomeres	in	early	life	
are	associated	with	increased	survival	and	a	long	life	span	(Heidinger	
et	 al.,	 2012).	 In	addition,	 studies	 in	a	variety	of	 species	 show	 that	

















study	 found	 that	 short‐lived,	 small	 species	 have	 longer	 telomeres	
and	 higher	 telomerase	 expression	 than	 long‐lived,	 large	 species	
(Gomes	et	al.,	2011).	In	a	study	on	rodents,	no	relationship	between	






et	 al.,	 2018).	 This	 relationship	 between	 rate	 of	 telomere	 loss	 and	
maximum	lifespan	in	birds	may	be	caused	by	variation	between	spe‐
cies	in	how	well	telomeres	are	maintained	throughout	their	lifespan.	
In	 addition,	 it	 may	 reflect	 selective	 disappearance	 of	 low‐quality	
individuals	with	short	telomeres.	In	longer‐lived	species,	that	expe‐
rience	 lower	 levels	of	extrinsic	mortality,	 individual	 condition,	 and	
thus	telomere	dynamics,	may	play	a	greater	role	as	determinants	of	
mortality	 (Kirkwood	 &	 Austad,	 2000).	 Therefore,	 selective	 disap‐
pearance	of	individuals	with	short	telomeres	may	be	more	apparent	
in	long‐lived	species	(Tricola	et	al.,	2018).
Tropical	 species	 live	 in	 less	 seasonal	 environments	with	 lower	
levels	 of	 adult	 extrinsic	 mortality	 than	 temperate	 ones	 (Brown,	
2014).	Consequently,	 tropical	songbirds	have	higher	survival	prob‐
abilities	 than	 temperate	 birds	 (Martin	 et	 al.,	 2017;	 Muñoz,	 Kéry,	
Martins,	&	 Ferraz,	 2018).	 Therefore,	 stronger	 selective	 disappear‐
ance	of	individuals	with	short	telomeres	is	expected	in	tropical	com‐
pared	to	temperate	birds.	However,	mortality	rates	are	age‐specific,	
and	 therefore,	 the	 strength	 of	 selective	 disappearance	 may	 vary	
with	age.	 In	birds,	mortality	 is	usually	highest	during	the	first	year	
of	 life,	 especially	 directly	 after	 fledging	 (Cox,	 Thompson,	 Cox,	 &	
Faaborg,	 2014;	 Naef‐Daenzer	 &	 Grüebler,	 2016).	 As	 predicted	 by	
life	history	theory	 (McNamara,	Barta,	Wikelski,	&	Houston,	2008),	
juvenile	 survival	 is	 in	 general	 higher	 in	 tropical	 compared	 to	 tem‐
perate	birds	(Lloyd,	Martin,	&	Roskaft,	2016;	Remes	&	Matysiokova,	
2016).	Tropical	parents	take	care	of	their	fewer	fledglings	for	con‐
siderably	 longer	 than	 temperate	birds	and	may	 thereby	be	able	 to	
lower	extrinsic	mortality	 in	 juveniles	 (Styrsky,	Brawn,	&	Robinson,	
2005).	We,	therefore,	hypothesize	that	differential	survival	of	high‐
quality	fledglings	should	be	more	apparent	in	tropical	compared	to	
temperate	birds.	Assuming	 that	 telomeres	are	bioindicators	of	 so‐




In	addition,	 there	 is	good	evidence	 that	 tropical	 species	 invest	
more	 into	 self‐maintenance,	 but	 are	 less	 fecund	 than	 temperate	
species.	For	example,	tropical	species	exhibit	stronger	sickness	be‐
havior	 after	 infection	 during	 the	 breeding	 season	 than	 temperate	
species	 (Owen‐Ashley,	 Hasselquist,	 Raberg,	 &	 Wingfield,	 2008).	






ing	 (Reichert	 et	 al.,	 2014).	 In	 addition,	 tropical	 songbirds	 seem	 to	





in	 turn	 may	 be	 important	 determinants	 of	 their	 longer	 life	 spans	
(Monaghan	 &	 Ozanne,	 2018).	 Thus,	 longer‐lived	 tropical	 species,	
which	invest	more	in	growth	and	self‐maintenance	than	in	fecundity,	
are	expected	to	show	longer	telomeres	as	nestlings	or	a	slower	rate	
of	 telomere	 loss	 than	short‐lived	 temperate	species.	To	determine	
how	 life	history	 variation	has	 shaped	variation	 in	 telomeres,	 com‐
parisons	 between	 the	 same	or	 closely	 related	 species	 in	 different	
environments	are	necessary.
Here,	 we	 compare	 telomere	 length	 of	 two	 closely	 related	 sis‐
ter	 taxa	 of	 stonechats,	 Saxicola torquatus axillaris (Figure	 1)	 and	
Saxicola rubicola that	breed	in	tropical	and	temperate	environments,	
respectively	 (Doren	 et	 al.,	 2017;	Urquhart,	 2002).	 At	 all	 latitudes,	
stonechats	 are	 socially	 monogamous,	 open	 habitat,	 insectivorous	
passerines	that	aggressively	defend	breeding	territories	(Apfelbeck,	
Mortega,	Flinks,	 Illera,	&	Helm,	2017).	However,	 they	vary	 in	pace	
of	 life	 according	 to	 their	 environment	 (Ricklefs	&	Wikelski,	 2002).	
Stonechats	 show	a	 latitudinal	 cline	 in	metabolic	 rate,	with	 geneti‐
cally	 inherited,	 higher	 metabolic	 rates	 in	 higher‐latitude	 popula‐
tions	 (Klaassen,	 1995;	 Tieleman	 et	 al.,	 2009;	 Versteegh,	 Schwabl,	
Jaquier,	&	Tieleman,	2012;	Wikelski,	Spinney,	Schelsky,	Scheuerlein,	
&	 Gwinner,	 2003).	 Further,	 temperate	 stonechats	 have	 a	 geneti‐
cally	 fixed	 larger	clutch	size	 than	 tropical	ones	 (Gwinner,	König,	&	
Haley,	 1995),	 and	 their	 higher	 fecundity	 correlates	 with	 elevated	
baseline	 corticosterone	 concentrations	 during	 the	 breeding	 sea‐
son	 (Apfelbeck,	Helm,	et	al.,	2017).	 In	agreement	with	 lower	adult	
extrinsic	mortality	 in	 tropical	environments,	 local	 survival	of	 trop‐
ical	 stonechats	appears	 to	be	much	higher	 than	 that	of	 temperate	











































































































































































































































































































































































































































































from	different	 individuals	 at	 four	age	classes:	 as	nestlings,	 as	pre‐
breeding	first‐year	birds	 (within	their	 first	6	months	of	 life),	during	
their	 first	 breeding	 season	 (~1‐year‐old),	 and	 during	 their	 further	









lated	 stonechat	 species	 (Table	 1)	 during	 their	 respective	 breeding	
seasons	 (nestlings	 [day	 8–14	 post‐hatch],	 first	 year	 breeding	 [~1‐
year‐old]	and	adult	males	 [≥2	years	old])	or	 just	after	 the	breeding	
season	 (first	 year	 pre‐breeding	 males	 (3–6	months	 post‐hatch).	 In	
addition,	in	tropical	stonechats,	we	were	occasionally	able	to	catch	
fledglings	(>16	days	old),	which	had	only	recently	left	their	nest	and	
were	still	 in	 their	 juvenile	plumage	and	cared	 for	by	 their	parents.	
Stonechats	 were	 sampled	 in	 tropical	 East	 Africa	 (Saxicola torqua‐
tus axillaris,	 four	 populations,	 latitudes	 0°–4°S,	 altitudinal	 range:	






and	 stress‐induced	 corticosterone	 concentrations	 of	 tropical	 and	
temperate	stonechats	during	the	breeding	season	(Apfelbeck,	Helm,	









between	 day	 8	 and	 14	 post‐hatch).	 Pre‐breeding	 first‐year	 males	
were	 caught	 3–6	months	 (see	 Table	 1)	 after	 their	 likely	 hatching	











Blood	 samples	 (~120	µl)	 were	 taken	 within	 3	min	 of	 capture	 by	
venipuncture	 of	 the	 wing	 vein	 or	 (less	 often)	 with	 an	 insulin	 sy‐
ringe	 from	 the	 jugular	 vein	 and	 collected	 into	 heparinized	 capil‐
laries.	Plasma	was	 immediately	 separated	by	centrifugation	with	a	
Compur	Minicentrifuge	 (Bayer	Diagnostics)	 or	 a	 Spectrafuge	Mini	






















Telomeres	were	measured	with	 the	TRF	assay,	 and	 the	procedure	
was	carried	out	according	to	previous	studies	(Haussmann	&	Mauck,	
2008;	 Marchetto	 et	 al.,	 2016).	 Briefly,	 DNA	 was	 extracted	 from	
packed	blood	cells	using	 the	Puregene	Blood	Core	Kit	B	 following	
the	manufacturer’s	 specifications	 (Qiagen).	 DNA	 integrity	was	 as‐
sessed	 through	 the	use	of	 integrity	gels	 (Nussey	et	al.,	2014),	 and	
telomeres	of	high	integrity	DNA	samples	were	then	measured	using	
the	TRF	assay.	A	10	µg	quantity	of	DNA	was	digested	using	1.0	ml	
of	 RsaI	 (New	 England	 Biolabs,	 R0167L)	 and	 0.2	ml	 of	 HinfI	 (New	
England	Biolabs,	R0155M)	in	CutSmart	Buffer	(New	England	Biolabs,	
B7204S)	overnight	at	37°C.	The	digested	DNA	was	separated	using	








sitometry	 (ImageQuant	5.03v	and	 ImageJ	1.42q)	 to	determine	 the	
position	and	strength	of	the	radioactive	signal	in	each	of	the	lanes	




was	 run	 three	 times	 on	 each	 gel	 to	 determine	 intra‐	 and	 inter‐gel	
coefficients	of	variation,	which	were	4.86%	and	7.54%,	respectively.
2.5 | Statistical analysis
Data	were	 analyzed	within	 the	R	 environment	 (R	 version	 3.2.2;	 R	
Core	Team,	2016)	and	the	packages	arm	(Gelman	&	Su,	2018),	JAGS	
(Plummer,	 2003),	 and	 runjags	 (Denwood,	 2016).	 Linear	 models	
were	used	to	determine	whether	variation	in	mean	telomere	length	
was	 related	 to	 breeding	 region	 (tropical,	 temperate),	 age	 class	 or	
the	 interaction	between	breeding	region	and	age	class.	We	tested	
whether	 tropical	 stonechats	had	 longer	 telomeres	 than	 temperate	

















and	variance	 (dgamma	 [0.001,	0.001])	parameters	were	used,	 that	
is,	we	assumed	no	prior	knowledge	about	the	factors	in	our	models.	




(normality,	 heteroscedasticity,	 autocorrelations)	 (Korner‐Nievergelt	
et	al.,	2015).	Data	are	presented	as	means	and	their	95%	Bayesian	
credible	intervals	in	figures	and	as	the	difference	and	95%	Bayesian	






Overall,	 temperate	 and	 tropical	 male	 stonechats	 showed	 similar	
mean	telomere	 lengths	(Table	2,	Figure	2).	 In	particular,	temperate	
and	 tropical	 males	 had	 similar	 telomere	 lengths	 as	 nestlings,	 first	
year	and	adult	breeders.	Breeding	males	(first	year	and	adults)	had	
shorter	telomeres	than	nestlings	both	 in	tropical	and	 in	temperate	
stonechats	 (negative	 differences	 from	 intercept	 for	 first	 year	 and	
adult	tropical	breeders,	no	additional	detectable	difference	for	first	
year	 and	 adult	 temperate	 breeders,	 Table	 2,	 Figure	 2).	 However,	
telomere	 lengths	of	 tropical	 and	 temperate	 stonechats	differed	 in	
their	 first	year	of	 life.	While	 tropical	 first	year	pre‐breeding	males	
had	longer	telomeres	than	nestlings	(positive	difference	from	inter‐
cept),	temperate	first	year	pre‐breeding	males	had	shorter	telomeres	
TA B L E  2  Mean	telomere	length	of	male	stonechats	(Saxicola ssp.)	in	relation	to	breeding	region	(tropical,	temperate)	and	age	class	
(nestling,	first	year	pre‐breeding,	first	year	breeding,	adult	breeding)
Factor level
Estimates (differences from the intercept) and 95% credible 
intervals, (mean telomere length, kpb)
Estimates and 95% credible intervals 
(mean telomere length, kbp)
Intercept:	tropical,	nestling 12.5	[11.9,	13.0] 12.5	[11.9,	13.0]
Tropical,	first	year	pre‐breeding 1.3 [0.4, 2.2] 13.8 [12.3, 15.2]
Tropical,	first	year	breeding −1.8 [−2.6, −1.0] 10.7 [9.3, 12.0]
Tropical,	adult	breeding −1.7 [−2.4, −1.1] 10.8 [9.5, 11.9]
Temperate,	nestling 0.3	[−0.5,	1.1] 12.8	[11.4,	14.1]












of	 tropical	 and	 temperate	 first	 year	breeding	males	 indicate	 a	de‐
crease	 in	mean	 telomere	 length	 in	 tropical	 stonechats,	 but	 an	 in‐
crease	in	mean	telomere	length	in	temperate	stonechats	from	first	





from	 first	 year	 pre‐breeding	 to	 first	 year	 breeding	 in	 temperate	

















of	 nest	 predation	 (Martin,	 1992),	 but	 high	 levels	 of	 adult	 survival.	
Therefore,	tropical	parents	may	raise	small	clutches	in	favor	of	ex‐
tended	offspring	care	(Russell,	Yom‐Tov,	&	Geffen,	2004;	Tarwater,	
Ricklefs,	 Maddox,	 &	 Brawn,	 2011),	 which	 has	 been	 shown	 to	 in‐
crease	fledgling	survival	(Grüebler	&	Naef‐Daenzer,	2010).	Tropical	






Also,	 as	 has	 been	 shown	 for	 other	 species,	 parents	 may	 actively	
favor	the	strongest	of	their	fledglings	(Barrios‐Miller	&	Siefferman,	
2013).	 Thus,	 while	 survival	 probabilities	 post‐fledging	 are	 in	 gen‐














et	 al.,	 2017;	Nettle	 et	 al.,	 2017;	 Young	 et	 al.,	 2017).	 Furthermore,	















from the intercept) and 
95% credible intervals 




First	year	nonbreeding 1.3 [0.4, 2.2]
First	year	breeding −1.8 [−2.6, −1.0]
Adult	breeding −1.7 [−2.4, −1.0]
Note.	 Estimates	 are	 relative	 to	 the	 intercept	 as	 reference	 level,	 in	 this	
case	 nestlings.	When	 0	 (zero)	 is	 not	 included	 in	 the	 credible	 intervals	
there	is	an	effect	of	this	parameter	on	the	dependent	variable	(shown	in	
bold).
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et	al.,	2014;	Salmon	et	al.,	2017).	The	effect	of	extended	parental	
care	in	tropical	birds	on	telomere	dynamics	in	fledglings	should	be	
further	 investigated,	 for	example	 through	brood	size	manipulation	
experiments.
In	 contrast	 to	 telomere	 length	 in	 juveniles,	 telomere	 length	 at	
the	end	of	the	nestling	stage	did	not	differ	between	temperate	and	
tropical	stonechats	despite	smaller	clutches	 in	tropical	stonechats,	
which	 favor	 increased	 feeding	 rates	 per	 offspring	 (Martin,	 2015).	
As	ground‐nesting	birds	 in	open	habitat,	high	nest	predation	rates	
may	favor	fast	growth	and	consequently	similar	telomere	loss	during	
development	 in	 tropical	 and	 temperate	 environments.	 In	 tropical	
stonechats,	 frequent	 presence	 of	 predators	 reduced	 the	 growth	
rate	 of	 nestlings	 (Scheuerlein	 &	 Gwinner,	 2006),	 highlighting	 that	




Selective	 disappearance	 of	 individuals	 with	 short	 telomeres	




dinate	 juvenile	 birds	 and	 accordingly	 mortality	 during	 migration	
and	winter	 is	 higher	 for	 juveniles	 than	 for	 adults	 (Ekman,	 1984;	





pearance	of	 low‐quality	 individuals	with	 short	 telomeres	 is	most	
likely	to	occur.
In	 contrast	 to	 our	 predictions,	 tropical	 and	 temperate	
stonechats	had	telomeres	of	similar	length	during	their	first	breed‐
ing	 season	 and	 as	 adults.	 Reproduction,	 especially	 parental	 care,	
is	energetically	costly	 (Nilsson,	2002),	 can	 lead	 to	oxidative	DNA	
damage	 (Noguera,	 2017)	 and	 potentially	 increased	 telomere	 loss	




trations	during	nest‐building	 in	both	 temperate	and	 tropical	male	
stonechats	(Apfelbeck,	Helm,	et	al.,	2017;	Apfelbeck,	Mortega,	et	
al.,	 2017).	 Thus,	 tropical	 and	 temperate	male	 stonechats	 engage	








studies	 in	 populations,	 in	 which	 the	 age	 of	 adult	 individuals	 is	
known,	are	needed.
In	 this	 study,	 samples	 from	 different	 age	 classes	 were	 col‐
lected	from	different	individuals.	Longitudinal	studies	show	that	
telomere	shortening	rates	are	often	higher	within	individuals	than	
telomere	 shortening	 rates	 at	 the	 population	 level	 (Salomons	 et	
al.,	 2009).	 Thus,	 in	 studies	 based	 on	 cross‐sectional	 samples,	 it	
is	 difficult	 to	 disentangle	 the	 effects	 of	 telomere	 attrition	 and	
selective	disappearance	for	different	age	classes.	Also,	we	were	
not	 able	 to	 sample	 all	 age	 classes	 in	 all	 populations.	 Thus,	 dif‐
ferences	between	populations	and	taxa	 in	breeding	altitude	and	
migratory	 strategy	 may	 have	 confounded	 our	 results	 as	 they	




residents,	 while	 breeding	 altitudes	 and	 migratory	 strategies	 of	
European	stonechats	vary	more.	However,	a	resident	 lifestyle	 is	
commonly	found	in	the	tropics	and	is	actually	part	of	a	slow	life	














Ideally,	 the	experiments	 should	be	extended	 to	other	 tropical	 and	




To	 the	best	of	our	knowledge,	 this	 is	one	of	 the	 first	 studies	 to	
compare	 mean	 telomere	 length	 across	 several	 age	 classes	 in	
closely	 related	species	 that	breed	 in	 tropical	and	 temperate	en‐
vironments	 and	differ	 in	 their	 pace	of	 life.	As	 indicated	by	pre‐
vious	 interspecific	 studies,	 our	 results	 suggest	 that	 variation	 in	
life	 history	 and	 life	 span	may	 be	 reflected	 in	 different	 patterns	
of	telomere	 loss	between	species	rather	than	absolute	telomere	
length.	 Our	 data	 reveal	 that	 mean	 telomere	 length	 across	 age	
classes	 may	 indicate	 during	 which	 life‐cycle	 phases	 individuals	
with	short	telomeres,	and	thus	of	potentially	low	quality,	are	most	
likely	 to	disappear	 from	a	population.	These	patterns	closely	 fit	
with	 expectations	 from	 life	 history	 theory	 and	 match	 variation	
in	parental	behavior	and	juvenile	mortality	between	tropical	and	
temperate	birds.
518  |     APFELBECK Et AL.
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